1 0 6 JAN 2004 VI BRATI NG SENSOR OPERATI NG AS A RATE GYRO ABOUT TWDO AXES AND
AS A RATE | NTEGRATI NG GYRO ABOUT THE THIRD ONE This invention relates to

mul ti-axis sensing devices and nore particularly to vibrating structure
gyroscopes that enploy a resonant elenent. 5 Vibrating structure gyroscopes
have been fabricated using a variety ofl structures for the re88&ndih 2004

el ement including beans, tuning forks, cylinders and rings. Aside from
measurenent of the rate of rotation about a particular axis, these devices
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sustained high rates of rotation.

15  Planar rings have been shown to be particularly versatile, with single-axis rate gyro
variants being commercially available using both conventionally fabricated and micro-

machined resonators.

Conventional single-axis planar ring gyroscopes typically use cos26 in-plane vibration
20  mode pairs. For a perfectly symmetric resonator there will be two degenerate modes at a
mutual angle of 45°. These are shown schematically in Figure 1a (cos26 mode) and Figure
1b (sin20 mode) which show the ring distortion at the two extremes of motion during a
single vibration cycle. One of these modes is excited as the carrier mode (Figure 1a). When
the structure is rotated about the axis normal to the plane of the ring (the z-axis), Coriolis
25  forces couple energy into the response mode (Figure 1b). The Coriolis force, and hence the
amplitude of the response mode motion is directly proportional to the applied rotation rate.

Other higher-order cosn8 mode pairs may also be used in similar fashion.

In operation. the carrier mode is driven at the resonance maximum and is typically
30  maintained at a constant amplitude. The Coriolis forces generated as a result of rotation

will be at the carrier resonance frequency. The response mode frequency is typically



O her hi gher-order cosnO node pairs may also be used in simlar fashion. In
operation. the carrier node is driven at the resonance nmaxi mumand is
typically 30 maintained at a constant anplitude. The Coriolis fo Ciﬁ
generated as a result of rotation will be at the carrier resonaﬁkéJ 2004
frequency. The response node frequency is typically 0 6 JAN 2004 2 nmat ched
to that of the carrier and thus the notion arising as a result of these
forces is anplified by’ the Q (quality factor) of the structure, giving
enhanced sensitivity. This response no notion may be nulled using a
force feedback loop with the nulling force then being directly )
propor t i onsuatched tdhag optheecarrient and thius sheypwéionfarisipgragta wault efiese ferges © 5

dependence fro e [rate out.pu n ives, inproved scal ef actor .perf nce.
The noti pnamBlFH‘%%gy rtf“ﬁ_ i(%“aﬁlﬁ'uiacﬁcﬁ?r‘?? éﬁ%éﬁu‘é a B e 4" ANGU g?ﬁsgﬁzﬁ{ghﬁgm? on
at all tingSpoRRk 3G thbtich Mhy BE tHUIIES usdihg adtofce feddbhadlodp fvith theenulling force
single-axis attitude sensors using |n-§)_ ane cosnO node pairs, such as
descri bed thenmeingtdirsatly proportiphalrtd thecariplied egienkhis modssofepesgiionNgmoyes the Q
5,218,867. ,In this node of operation, the vibration ener is. free

t r ansf b@?%@é‘ﬁ’cﬁ fom -fpﬁeé’ﬁ‘?“iﬁ?fggfﬁfs? ngr%e({ 8 egag_%ﬂrc?grflg%narng ’a‘(hged‘fl Bti/?\(n)r} h no
force feedbpgk RgiiudRRidigfed dtfa ik anpBICoridnBAidRAEAIEEmAs.€ accuratel y
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the structure is rotated. The node pattern orientation is not inertially
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stable but tends to lag behind the rotation of the ring structure. The ratio of the pattern
15  angle rotation to the applied rotation angle is given by an inertial coupling constant, K,

which is dependent upon the resonator structure and the mode order, 7.

When operating in this mode, the same drive and pick-off configurations may be employed
as for conventional closed-loop rate gyro operation. The techniques for detecting the mode
20 orientation on the ring and for maintaining the amplitude of motion are, however,
significantly different. A radial drive signal is applied to sustain the vibration amplitude at
one or more of the radial anti-nodes. As the mode pattern rotates around the ring, the
effective drive position is required to track the radial anti-node around the ring. The pick-
offs must similarly have the capability of resolving the actual radial motion of the ring at
25 both the radial anti-node and node. The radial anti-node signal is used to maintain the drive
frequency at the resonance maximum and to normalise the vibration amplitude. The radial

node signal is required to track the mode position accurately.

Ring structures are also capable of providing rate sensitivity around multiple axes, as



effective drive position is required to track the radial anti-node around
the ring. The pick- offs nust simlarly have the capability of resolving
the actual radial notion of the ring at 25 both the radial antl Epﬂ@h@@ﬁ
node. The radial anti-node signal is used to maintain the drive cy
at the resonance maxi mum and to normalise the vibration anplitude. The
radial node signal is required to track the node position accurately. Ring
structures are also capable of providing,rate sensitivity around nultiple
axes, as 0 6 JAN 2004 described in UK Pafent Application Nos. 2318184A and
2335273A. VWhen driven in a cosnO in-plane carrier node, rotations about
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material fromwhich the ring is nmade, and the value of n. Simlarly, for
rotation about the x-axis, S2x, the Coriolis forces will have an angul ar
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These forces thus have corrponents that are capable of directly exciting
either the sin(n+ 1) 0 and cos(n+l) 9 or the si n(n 1) 0 and cos(n-1)9
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distribution given by:
15 F-(6) = F.1Qy cos(n+1)8 + F,.;Q cos(n-1)8

These forces thus have components that are capable of directly exciting either the
sin(n+1)6 and cos(n+1)8 or the sin(n-1)6 and cos(n-1)8 out-of-plane mode pairs. The ring
dimensions may be set such that the resonant frequency of one of the mode pairs exactly
20  matches that of the in-plane carrier mode. In this way, the amplitude of the out-of-plane

response motion will be amplified by the Q of the structure as for the in-plane response.

Using such designs, a single device can provide all the functionality required for
navigation applications where previously two or three single-axis devices would be
25  needed. one device being dedicated to each axis. Multi-axis devices have the advantage
that the mutual alignment of the sensing axes is set during the resonator fabrication
process. and yet single-frequency operation for all axes means that the electronics need not
be significantly more complex than in a single-axis device. For applications requiring rate

sensitivity around multiple axes, such a multi-axis device may provide a significant



25 needed, one device being dedicated to each axis. Milti-axis devices have
the advantage that the nutual alignnment of the sensing axes is set during
the resonator fabrication process. and yet single-frequency opgrgagAlprpodsor
all axes neans that the electronics need not be significantly nore conpl ex
than in a single-axis device. For applications requiring rate sensitivity
around multiple axes, such a nulti-axis device may provide a significant O
6 JAN 2004 4 reduction in both cost and size. Between them UK Patent
Application Nos. 2318184A and 2335273A déscri be various nodal combinations
that may be enployed to inplenment both two- and three-axis rate 5

gyr oscopes redpgdon wicheth eest and sithe drive and pick-of f transducer el enents
appropriate for each conbination are also shown therein. The disclosures
of US Patent No. 5,218,867 and UK Patent Application Nos. 2318184A and
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it is essential that the orientation in the roll axis is known to a high

degree of accuracy. Consequently, for axes experiencing. high rotation
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scal ef act 0@ PI273Ryar¥eitoRordtéd hiéih Bl iréf@rende. 1% scal ef actor error will
result in a 3.6 heading error for each revol ution. This probl em of

cunul atlfve error is particularly acute when sensing the notion of a wheel

or axle, i %ewg{ncgyrggc%pg )éllpls)lic\:lgtilohs may require measurement of the spatial orientation of a
body that is subject to high rates of rotation about one particular axis. In aircraft
navigation, for example, the roll axis of the aircraft may be subject to higher rotation rates
than the pitch and yaw axes. In order to compute the orientation in the pitch and yaw axes

15 in such applications, it is essential that the orientation in the roll axis is known to a high

degree of accuracy.

Consequently, for axes experiencing high rotation rates, there is a considerable
performance advantage in operating in “whole angle" mode to prevent the accumulation of
20 a heading error due to scalefactor error. By way of illustration, a 1% scalefactor error will
result in a 3.6° heading error for each revolution. This problem of cumulative error is
particularly acute when sensing the motion of a wheel or axle, in which one axis will

obviously experience vastly higher rotation rates than the other two axes.
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There is therefore a requirement for a device that combines the advantages of multi-axis
operation whilst providing for accurate measurement of orientation around a single axis

that may be subject to sustained high rates of rotation.

The present invention results from the insight that it is possible to operate the z-axis



obvi ously experience vastly higher rotation rates than the other two axes.
25. There is therefore a requirenent for a device that conbi nes the

advant ages of multi-axis operation whilst providing for accurat(®et JAN 2004
nmeasurenent of orientation around a single axis that may be subject to
sustai ned high rates of rotation. The pr esent invention results fromthe
insight that it is possible to operate the z-axis 0 6 JAN 2004 -5 response
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and y axis.

15  More specifically, the signal processing means extracts z-axis carrier mode orientation
information from the signals and normalises this information to give information on the
angular orientation about the z-axis, as well as extracting x- and y-axis rate information

from the signals.

20 In such a gyroscope the resonant body is typically a planar ring structure and the
resonant motion takes place in a vibration mode pattern in the plane of the ring whose
orientation angle with respect to the body varies proportionately with the orientation of
the body about its z-axis. This vibration mode pattern couples energy into an out-of-
plane response mode motion in accordance with rotation of the body about the x- or y-

25  axis. In this case, the signal processing means advantageously resolves the out-of-plane
response mode motion with reference to a z-axis orientation signal representative of the

orientation about the z-axis to extract the x- and y-axis rate information.

The pick-off means suitably comprises a first plurality of pick-offs positioned to sense
30  resonant motion in the plane of the body and a second plurality of pick-offs positioned
to sense response mode motion out of the plane of the body. The pick-offs of the second

plurality should be separated by 30k°, where k is an odd integer.



t he body about its z-axis. This vibration node pattern couples energy into
an out-of- plane response node notion in accordance with rotation of the
body about the x- or y 25 axis. In this case, the signal processj§gANENIS
advant ageously resol ves the out-of-plane response node notion wth
reference to a z-axis orientation signal representative of the orientation
about the z-axis to extract the x- and y-axis rate information. The

pi ck-of f neans suitably conprises a first plurality of pick-offs positioned
to sense 30 resonant notion in the plané of the body and a second
plurality of pick-offs positioned to sense response node notion out of the
pl ane of the body. The pick-offs of the second plurality should be

separ at ed Qk, . where k is an.o i nt eger . .JAN 2004 6 .The drive.
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vi bration nbde orientation signal to give a resultant drive resolved al ong
t he ori ent giveqrresuighedmye resndved dhong the ariemsateonrgiecafrihe Bbratiop mofde patser.

enbodi nents of the invention, the signal processing neans includes rate
integration neans that takes input signals fromthe first plurality of
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orientation signal, and an x- y- axis resolver that takes as input drive
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drive trans‘:ﬁ‘:u 'earnrar?ﬁ%m%ra?eomﬁﬁf[rﬁlg’?'n a constant anti-nodal signal.

Advantageously, an anti-nodal signal from the pick-off resolver is applied to a phase
locked loop that adjusts the drive frequency of the drive transducer means to track a
15 resonance maximum. The anti-nodal signal is preferably also applied to a gain control loop
that adjusts the drive level applied to the drive transducer means to maintain a constant

anti-nodal signal.

A nodal signal from the pick-off resolver may be applied to a rate integration means that
20  preferably comprises a phase detector to resolve any signal component that is in-phase with
an anti-nodal signal. The rate integration means advantageously comprises a rate signal
generator means such as a loop controller that takes the nodal signal and outputs a rate
signal proportional to the rate of rotation of the vibration mode pattern about the z-axis.
The rate integration means can then further comprise an integrator that integrates the rate
25  signal to output the z-axis carrier vibration mode orientation signal. This z-axis carrier
vibration mode orientation signal can be applied to a normalising means that applies the
Bryan factor to that signal to give a direct measure of the angle through which the

gyroscope body has rotated around the z-axis.



A nodal signal fromthe pick-off resolver may be applied to a rate
integration nmeans that 20 preferably conprises a phase detector to resol ve
any signal conponent that is in-phase with an anti-nodal signal .0 FhiAN ai0é

i ntegration neans advant ageously conprises a rate signal generator neans
such as a loop controller that takes the nodal signal and outputs a rate
signal proportional to the rate of rotation of the vibration node pattern
about the z-axis. The rate integration ans can then further conprise an
integrator that integrates the rate 25 signal to output the z-axis carrier
vi bration node orientation signal. This z-axis carrier  vibration node
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respectg vely apply drive signals to x- and y-axis drive transducers to
nul |l the signal at the respective pick-offs. 5 To mnimse vibration

pattern drThimininiisé GibAftioaPaRea s, tos AIVah@Yedts Gl apRY UqRadrdturé Rglihg Rop.
This | oop Eref er abl%/ applies a drive signal to the drive transducer neans
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has al ready been.nmrde to. Fj,qyre a, which shows diagranmmmatically a
degener at e}!O @8‘&%‘1 eB?%‘#it%H’%z%%negtizﬁma symmetric resonator or vibrating
structure acting as a carrier node in a conventional manner, and Figure
| b, which is a diagrammatic illustration of a degenerate sin20 vibration
node a0 45Referenge havdlreaiy been mede ta Figungyl & svhich Swps déagramaatiqal]y g degenerate
conventi onal

nner.. For, a better understanding of the present invention
ond to ShosrRBwIastion miids tnd birhrt FepeOERt Strting o 36 1 S
made, by Wadefin 8RR ionalOnadiRr, and Figure 1b, which is a diagrammatic illustration of a
degenerate sin20 vibration mode at 45° to that of Figure la, acting as a response mode in a
conventional manner. For a better understanding of the present invention and to show how

15 it may be carried into effect, reference will now be made, by way of example, to the

remaining drawings in which:

Figure 2a is a three-dimensional representation showing the angular distribution of

radial displacement for a cos2(6+a) in-plane carrier mode where a=0°;

20
Figure 2b corresponds to Figure 2a but shows the cos 30 vibration mode pattern of
z-axis displacement excited by rotation around the x-axis;
Figure 2c corresponds to Figures 2a and 2b but shows the sin 38 vibration mode
25 pattern of z-axis displacement excited by rotation around the y-axis;

Figures 3a, 3b and 3c correspond respectively to Figures 2a, 2b and 2¢ but show the

equivalent responses where 0=22.5°;



remai ning drawi ngs in which: Figure 2a is a three-dinensional

representati on show ng the angul ar distribution of radial displacenent for
a cos2(O+ta) in-plane carrier node where a=0; 20 Figure 2b correffodAN 20

Fi gure 2a but shows the cos 30 vibration node pattern of z-axis

di spl acenent excited by rotation around the x-axis; Figure 2c corresponds
to Figures 2a and 2b but shows the sin 30 vibration node 25 pattern of
z-axi s di splacenment excited by rotation ground the y-axis; Figures 3a, 3b
and 3c correspond respectively to FigureS 2a, 2b and 2c but show the

equi val ent responses where a=22.5; 0 S JAN 2004 8 Figure 4 is a block

di agram of a pr &Figwe ds erbleck dagramodf 3 prefarredcambodimens (pb e i vertinip shaving
that inplenent z-axis angle sensing; and Fi .e 5 s a block diagram
correspondi ng tSOEpﬁTﬁngs %aﬁolgfp?%rﬂ%n\}mghaé%aaélﬁﬁtslggsaag’%ng conponent s t hat

i npl enent x- and y-axis rate sensing. To recap, the present invention
contenplates a nulti-axis sensing device that operates as a rate %{roscope
about two axes, Bigwed 5 a dlerkadiagramyperrespentirgto Jyguse dopet goving @ﬁ‘g ippalr d

axis, z. Wth the z-axis..qyro r n ' nted in this node, the
carrier 5rmde forcowo??{’és%gyl gglggrg%i'g&gg'taggrréetgg%n%smgé is no longer spatially
fixed on the ring. Arotation applied around the z-axis will therefore
result in the in-plane carrier node angular position_rotating -around the

ring. The dJerrerap; theopresenhiyentinn canéenapatene snuli-exs sersiecdevics thatfopgaies ahgul ar

reference direction, .15 0 = 00, which_ ] taléglg ' '

passing t hrrgtﬁgqg(rqs%per?bﬁat g‘%%?’?eé’. X %?T%n i B2 di splﬂg %céﬁe%%rg%%p?ﬁg&??ﬁ%ﬁ%dl I

have a cosnixita) Wahdhd 2laxidig§idstépétresponsefifléneéntédsintthie nididethe 2Brgiat Alode for

orientation with respect to the reference direction. The x and y rate,

respond® axhex- and y-axis rate responses is no longer spatially fixed on the ring. A rotation applied
around the z-axis will therefore result in the in-plane carrier mode angular position rotating

around the ring.

The carrier mode shape may be defined with respect to a fixed angular reference direction,
15 6 = 0°, which is taken to be along a diameter passing through the ring centre. The radial
displacement of the ring will have a cosn(6+c) angular distribution, where a. is the mode
angular orientation with respect to the reference direction. The x and y rate response axes
may also be defined with respect to the fixed gyroscope body reference axis, the y-axis

lying along 6 = 0° and the x-axis lying along 6 = 90°.

In order to derive the Coriolis force components generated as a result of rotation around
the x- and y-axes, it is necessary to consider the angular distribution of the radial and
tangential velocity components of the carrier mode, for any given value of o. From this,
the velocity components in the x and y directions can be calculated and hence the Coriolis

25  force distributions arising from rotations around the x- and y- axes.

For a rotation around the x-axis, Q,, the out-of-plane Coriolis force distribution, F;(0), will

be given by:



may al so be defined with respect to the fixed gyroscope body reference
axis, the y-axis 1lying along 0 = 0 and the x-axis lying along 0 = 90. 20
In order to derive the Coriolis force conponents generated as 8 Brgsvui2e04of
rotation around the x- and y-axes, it is necessary to consider the angular
di stribution of the radial and tangential velocity conponents of the
carrier node, for any given value of a. Fromthis, the velocity conponents
in the x and y directions can be calculahed and hence the Coriolis 25
force distributions arising fromrotations around the x- and y- axes. For a
rotation around the x-axis, 52,x, the out-of-plane Coriolis force
distribution, FZ(0), Fa8 F Fioégoyem by:t110}6- 5AR200M0S-(F}@) = F'+,
cos{na+(n+1)9} + FF_,Q cos{na+(n-1)9} where as before, 0 is the angul ar
position around the ring with respect to the fixed reference position, n
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position as” previous

Rot at i ons d@gmbmdmt\hmﬁecgﬁi%nfb xed X and y axes Ww II therefore still result
in the generation of Coriolis force conponents that can couple directly
into cos(nl) 9 or the sin(nl)0 out-of-plane 15 node pairs. However, these

force conponents wil le%ianQ%IydgiE@laaf(%gl% ! n-li‘i;% n?nag(no_;l)é}he ring.
10
It will be apparent that these expressions are similar to those obtained for a fixed carrier
mode position as previously discussed, except for the additional na terms. Rotations
around the body-fixed x and y axes will therefore still result in the generation of Coriolis
force components that can couple directly into cos(n£])8 or the sin(n+/)8 out-of-plane
15  mode pairs. However, these force components will also be displaced by an angle na on the

ring.

These effects may be illustrated, by way of example, for a cos2(6+a) in-plane carrier mode
coupling into cos(36+2a) and sin(36+2a) out-of-plane response modes. Figure 2a shows a
20  three-dimensional representation of the radial displacement angular distribution for a
cos2(0+a) in-plane carrier mode for o = 0°. The broken line shows the undisplaced
position of the ring with the solid lines showing the extremes of motion during a single

vibration cycle.

25 A rotation applied around the x-axis will generate Coriolis force components which will
excite a vibration mode pattern with z-axis displacements as shown in Figure 2b. Again,
the solid lines show the extremes of out-of-plane displacement from the stationary ring

(dashed line) during the vibration cycle. Similarly, rotation applied around the y-axis will



These effects may be illustrated, by way of exanple, for a cos2(0+(X)

i n-plane carrier node coupling into cos(30+2a) and sin(30+2(x)

out - of - pl ane response nodes. Figure 2a shows a 20 three-di mensi®bhalAN 2004
representation of the radial displacenment angular distribution for a
cos2(0+a) in-plane carrier node for a = 0. The broken |ine shows the

undi spl aced position of the ring with the solid |ines show ng the extrenes
of notion during a single vibration cycll e. 25 A rotation applied around
the x-axis will generate Coriolis force cQorrponents which will excite a

vi bration node pattern with z-axis displacenents as shown in Figure 2b.
Agai n, t hexais|4 dbratipreBi0dp poftarnas ghomndrdéguss 2out - of - pl ane di spl acenent from
the stationary ring (dashed line) during the vibration cycle. Simlarly,
rotation applied around the y-axis will 0O B JAN 2004 10 excite a vibration

node pat t eFpuss 3 SHOWE theNedniehldne ré’s%onsﬁis GieRe & =ShD¥s Hibge SAWhGHL QRE in-flaRoONses
where a = 22.5. Figure 3a shows the in-plane radial carrier node
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resultipng fromrotati appli.ed around the x- and y-axes respegti.vely.
Siri | ar® pl Bebon reRyting o Bctaticitenmlied stomas! TbiraPd daabsr Fproiel” Dlstleg ploss
conbi nat i Ofa9fbeFoA@Sted dr dtifer RSP SGHdIndtnseS0l ve the cos(30+2a)

out - of - pl ane” response node notion in order to neasure rotation around the

x-axis of the gyro body. 10 Simlarly, to nmeasure rotation around the
y-axis it is.necessary to resolye the sin(30+2(X), out-of:-pl.ane response
node not i o SEN ‘Sa‘fPﬁPQ{'E"H’d’Q Qﬁm i BriS GFcesiEs &0 ﬁﬁﬁélé{g t escosé%(% i€ HPF‘E‘“C
measur ed af, FhodPHBtih i BRieY 19 HtabRl réfibn ARURS the'R-akResteheyts HR
points are ensg&%gng%r |x1edlon te e ring, trﬁ[g xn- and y-axis respo%geos cannot
be det ¢@t e@imilarivead meakyre rotaeh arouindthept-axie it(iz nacdssary po edsobefthekm@®ila) The

rel evant notions can, 15 however, be resolved in the requireg angul ar .
di rect i ons °BYolcRIARS TETRgNSe anesier mations khroamplitude  @f asiogpef dhesey Modehitisd

fixed pic k'c&wenﬁclnﬂméﬁurex\m? e L1 GREre” SSMEVibratiR GRti-Ab&es. As these anti-nodal

points are no longer fixed on the ring, the x- and y-axis responses cannot be detected
directly by fixed out-of-plane (z-axis) pick-off elements. The relevant motions can,
15 however, be resolved in the required angular directions by combining the output of two or
more appropriately located fixed pick-off elements. Where these response modes are
operated in a force feedback mode, the appropriate drive forces may similarly be applied at

the required resolved angular locations using two fixed drive transducers.

20  The control circuit for the in-plane rate integrating vibration mode control is shown in
Figure 4. The 0° direction is indicated by the solid arrow 9. Two drive elements 10 and 11

are located at 0° and 45° and two pick-off elements 12 and 13 are located at 180° and 225°.

For a known value of o, the sine/cos pick-off resolver 14 processes the signals from pick-
25  off elements 12 and 13 and outputs one signal resolved along the anti-nodal position and

another signal resolved along the nodal position.

The anti-nodal signal is applied to a phase locked loop 15 which adjusts the drive

frequency to track the resonance maximum. This signal is also applied to a gain control



operated in a force feedback node, the appropriate drive forces may
simlarly be applied at the required resolved angul ar | ocations using two
fixed drive transducers. 20 The control circuit for the in-pla0g )20
integrating vibration node control is shown in Figure 4. The O dlrectlon
is indicated by the solid arrow 9. Two drive elenents 10 and 11 are

| ocated at 0 and 45 and two pick-off elenments 12 and 13 are | ocated at 180
and 225. For a known value of a, the sine/cos pick-off resolver 14
processes the signals from pick- 25 of f Lkl ements 12 and 13 and out puts one
signal resolved along the anti-nodal position and another signal resolved
al ong the loopldb whidhi adjasts theldeive teviel toguizintagi geerstans sigmila'nédulsoo atapibias the
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stabilise the bration anplitude. The drive signal IS applied to the

drive resodm&rreﬁﬂm«bng]d which sets the drive levels on drive transducers
10 (VOcos2a) and 11 (VOsin2a) to give a resultant drive resolved along a.
5 The rodal pick-off signal is applied to a phase detector 18 that resolves
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output is aF(E)l ied to an integrator 20 twgl ve a signal_ di rectéﬂ1 10 .
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resolved drive along the anti-nodal axis. 15 For a non-perfect resonator

st ruct ur e, sine/sormpick-9ifff resgleercld sush thas agiubialugig reaistamed@tthe phase detector 18

output. The orientation angle o is also applied to the sine/cos drive resolver 17 in order to

maintain the resolved drive along the anti-nodal axis.

15  For a non-perfect resonator structure, a small difference in the sin260 and cos26 mode
frequencies will give rise to a significant amount of quadrature motion at the radial nodal
points. This is known to give rise to undesirable vibration pattern drift but may be
eliminated by nulling the quadrature motion of the resonator by means of a quadrature
nulling loop 21 as shown in Figure 4. This resolves the component of the nodal signal that

20 s in quadrature to the anti-nodal signal and applies a drive signal along a nodal axis such

that the input to the quadrature nulling loop 21 is zero at all times.

The o value derived from the integrator 20, when normalised at 22 by the Bryan factor,
gives a direct measure of the angle through which the gyroscope body has rotated around

the z-axis.

I9
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The implementation of the x- and y-axis rate sensing is shown schematically in Figure 5.
For the out-of-plane rate response modes it is convenient to use two pick-off elements 23

and 24 located at 0° and 90° with respect to the fixed reference axis although any two pick-



frequencies will give rise to a significant anpunt of quadrature notion at
the radial nodal points. This is known to give rise to undesirable
vibration pattern drift but may be elimnated by nulling the g@agkxie
noti on of the resonator by neans of a quadrature nulling |oop 21 as shown
in Figure 4. This resolves the conponent of the nodal signal that 20 is in
quadrature to the anti-nodal signal and applies a drive signal along a
nodal axis such that the input to the adrature nulling loop 21 is zero
at all times. The a value derived fromthe integrator 20, when normalised

at 22 by the Bryan factor, 8ives a direct nmeasure of the angle throu%h

whi ch t he off elsscoisseparatpd bndOkbivehearik i auedd integen) pall pe gyjtable. Tlhgse pick-o

i mpl ement ati on of the.x- and y-axis rate s i | §..Sk icallky in
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two pi ck- offfineh@iBAt Simdidrly 2R Gh edhvieRieat R usatiwd dive tRdsdiicthele@sme Qs dnd Ashe
fixed reference axis although any two pick O 6 JAN 2004 12 off elenents

separ at ed loyatedat (8 end2T0%tg camiraldar Puitadypdane mytion obghedif@ abl e. These
pick-cﬁg el enents are positioned appropriately above and/or bel ow the ring
rimto -detect out-of- plane notion. Simlarly, it is convenient to use two

drive transguees gloWieiheSeléaronid céftroll @ie@ﬁ?d fat tHe30-aa3d ratd Qniegratiagtmede t he
out-of -plane nmotion of the ring. 5 Figure 5 shows the electronic control
circuitry discussdseabovesi sombinatiamyishy xaendyranisdate gyrosenesdiog. Ahepemary loops

conmbi natiog,Wth x- and y-axis,r ro.operation. i . 27
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| oop 28 includes the phase 10 detector 18, RIG |oop controller 19 and

i nt egr Kl or daectorf 1&iRJGrleopicontolenift gngtintserajor2Piod Figuek4-of f 23 is applied to
the x-axis rate loop 29 and a drive is applied to the x-axis drive el enent
25 in order to null the signal at the pick-off 23. Simlarly, the

The output of x-axis pick-off 23 is applied to the x-axis rate loop 29 and a drive is applied
to the x-axis drive element 25 in order to null the signal at the pick-off 23. Similarly. the
output of y-axis pick-off 24 is applied to the y-axis rate loop 30 and a drive is applied to

15 the y-axis drive element 26 in order to null the signal at the pick-off 24.

Where the in-plane and out-of-plane modes are all precisely matched in frequency, the out-
of-plane response mode motion will be in phase with the in-plane motion but where any
small frequency split is present, quadrature motion will be detected. Additional drive
20  signals may be applied to the x- and y-axis drive elements 25 and 26 to null this quadrature

motion in order to maintain a true null at the pick-off elements 23 and 24.

While the x- and y-axis drive and pick-off transducer elements 23, 24, 25, 26 are aligned
along the input rotation axes, the responses to rate inputs about these axes are dependent
25  upon the orientation of the carrier mode pattern, a. The applied rates must be resolved
from these responses using the in-plane carrier mode angular location a. The drive signals
from the x- and y-axis loops 29, 30 are applied to the sine/cos x-y axis resolver 31 and the
in-phase drive levels are resolved along a (cos(36+2a) response) and a+30° (sin(36+2a)

response) to obtain the x- and y-axis rate signals.



out put of y-axis pick-off 24 is applied to the y-axis rate loop 30 and a
drive is applied to 15 the y-axis drive elenent 26 in order to null the
signal at the pick-off 24. Were the in-plane and out-of-plane 0@dgsN 2508
all precisely matched in frequency, the out- of-plane response node notion
will be in phase with the in-plane notion but where any small frequency

split is present, quadrature notion will be detected. Additional drive 20
signals may be applied to the x- and y-axjis drive elenments 25 and 26 to
null this quadrature notion in order to intain a true null at the

pi ck-of f elenments 23 and 24. Wiile the x- and y-axis drive and pick-off
transducer elenents 23, 24, 25, 26 are aligned along the input rotation
axes, the 0, o, rate.in o} t hes r en .upon
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operate using various principles, notably electrostatics, electromagnetics, piezoelectricity

or optics.



operate using various principles, notably electrostatics, electromagnetics,
pi ezoel ectricity or optics. 0 6 JAN 2004 -14- CLAIMS 1. Avibratin
structure gyroscope conprising a resonant body, drive t r ansduced 6ndAhh 2004 5
(10, 11, 25, 26) for driving resonant notion of the body, pick-off neans
(12, 13, 23, 24) for producing signals representative of the resonant
notion, and signal processing means for1dxtracting z-axis carrier
vibration node orientation information and for nornmalising this
information to give informati on on angul ar orientation about the z-axis
and for extracting x- and y-axis rate '1fq tion fromthe signals, such
that the 10 gyroscope operates as a wh"‘é*argle gyroscope for rotations
about the z-axis and as a rate angle gyroscope for rotations about the
x-axis and they-axis. 2. The gyroscope of Claim 1, wherein the resonant
body is a plBnavibrating stuctic¢ gyrescopd compasing sorsanantisdy ofr Yakesdpteadieaih a

vibration no e in,the plane, of the.Li 15 . I i |l e
W th respect(Bol bra: B9 Savre Esgras BreesRsi ol wieBRd s T T, #5230
the body abogt drbucs %igﬁal@ﬁd%&wﬁm 6N EHegYesbiting nddtiony tandf sigrakeodessponse
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i nformation. af fdhextgactiag cependly-disarare Anforteti@i Mronhehpisigualsf fsuctealmed the
conprises a first plurality of pick-offs Si.ti Oﬁ’gd to sense

(12 13%. 0 D
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pi ck-of fs (ZQ%%éégegﬂg#ﬁégﬂﬁqo&ﬂoﬁﬁﬁﬁ t g§ggﬂgﬁwqgggﬂgggion out of 25 the

pl ane of the gyroscope o aim 3, wherein the pick-offs (23,
24) of the second plurality are

2. The gyroscope of Claim 1, wherein the resonant body is a planar ring structure and
the resonant motion takes place in a vibration mode pattern in the plane of the ring
15  whose orientation angle with respect to the body varies proportionately with the
orientation of the body about its z-axis and couples energy into an out-of-plane response
mode motion in accordance with rotation of the body about the x- or y-axis, and
wherein the signal processing means resolves the out-of-plane response mode motion
with reference to a z-axis orientation signal representative of orientation about the z-axis

20  to extract the x- and y-axis rate information.

3. The gyroscope of Claim 2, wherein the pick-off means comprises a first plurality of
pick-offs (12, 13) positioned to sense resonant motion in the plane of the body and a
second plurality of pick-offs (23, 24) positioned to sense response mode motion out of

25  the plane of the body.

4. The gyroscope of Claim 3, wherein the pick-offs (23, 24) of the second plurality are
separated by 30k°, where k is an odd integer.

30 5. The gyroscope of any of Claims 2 to 4, wherein the drive transducer means comprises
a plurality of in-plane drive transducers (10, 11) driven via a drive resolver (17) that

takes input from the z-axis carrier vibration mode orientation signal to give a resultant



separated by 30k, where k is an odd integer. 30 5. The gyroscope of any of
Clains 2 to 4, wherein the drive transducer neans conprises a plurality of
i n-plane drive transducers (10, 11) driven via a drive resol ver {(8 ANt 208k
takes input fromthe z-axis carrier vibration node orientation signal to
give a resultant 0 6 JAN 2004 -15 drive resolved along the orientation

angl e of the vibration node pattern. 6.-The gyroscope of Caim3 or Claim
4, or Caim5 when appendant to Claim3 or Caim4, wherein the signal
processi ng niprsedohaduitag thaveentattongmngtei addtherabrasiof 2®de patters. 19) t hat t akes
input signals fromthe first plurality of in-plane pick-offs (12, 13) via a
pi ck-of f resol ver (14) and outputs the z-axis orientation signal, and an x-
y- axis resplmgr k u sihenabseraa ioedlatid 3or
plurality ofsé)o’ft'ljhtee %}égg&g glél@leﬁ%trgﬁgggcgrr g[dlf(ﬁgsS 26) b?esol ves those
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20 resolver (14) is applied to rate integration neans (18, 19, 20, 28). 10.
The gyr o¥tope of Caim9, wherein the rate integration neans (18, 19, 20)
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(14) is applied to a phase locked loop (15) that adjusts the drive frequency of the drive

transducer means to track a resonance maximum.

15 8. The gyroscope of Claim 7, wherein the anti-nodal signal is applied to a gain control
loop (16) that adjusts the drive level applied to the drive transducer means (10, 11) to

maintain a constant anti-nodal signal.

9. The gyroscope of any of Claims 6 to 8, wherein a nodal signal from the pick-off
20  resolver (14) is applied to rate integration means (18, 19, 20, 28).

10. The gyroscope of Claim 9, wherein the rate integration means (18, 19, 20)
comprises a phase detector (18) that resolves the signal component which is in-phase
with an anti-nodal signal.

25
11. The gyroscope of Claim 9 or Claim 10, wherein the rate integration means (28)
comprises a rate signal generator means that takes the nodal signal and outputs a rate

signal proportional to the rate of rotation of the vibration mode pattern about the z-axis.

30  12. The gyroscope of Claim 11, wherein the rate integration means (18, 19, 20, 28)
further comprises an integrator (20) that integrates the rate signal to output the z-axis

orientation signal.



25 11. The gyroscope of Caim9 or Caim110, wherein the rate integration
means (28) conprises a rate signal generator neans that takes hrbe m%&%
signal and outputs a rate signal proportional to the rate of r 2P f
the vibration node pattern about the z-axis. 30 12. The gyroscope of Claim
11, wherein the rate integration neans (18, 19, 20, 28) further conprises
an integrator (20) that integrates the rdbe signal to output the z-axis
orientation signal. 0 6 JAN 2004 -16 13. The gyroscope of any of Cains 2
to 12, wherein the z-axis carrier vibration node orientation signal is
applied to a mal I sin ans )t hat I  Bryan. fagt or he
z-axis carri @O@’ietgryéqslc‘?}% %ad’é’ ooécﬁé)ﬁ?sa??oo}]?’g‘%éﬁgﬁ ﬂ%‘%g&ﬁ \?ecg:g-lefé??gggt{iontrr@g%ir e
of the angl epridntddnqughl Wabshed toa hetilifiag meaisaeyithar guphids tHeeBryamaficer tdl 4.
The gyroscope of any preceding Caim wherein the pick-off means. conprises
an x- axis pihelk-axis cymng)vigmbermede pUentRUOLHIAl K2V aéjhreﬁt-‘ﬁi‘?s’s‘rer%fttgef‘ P
(29) and YaaXi I f ']’8“?’ .S applied to a y-axis rate
| oop (30)? aﬁﬁ@ﬂ%gﬁﬁoéyg%%téﬁgfég gg;%ds(ZQ, 30) respectively apply
drive signals to x- and y-axis drive transducers (25, 26) to null the

signal at the respective pjick-offs. ,. 24).. 15, Th roscope of an
precedi ng C &f-rkhegyEasepre qw&a?csaw&éﬁﬁ'm, I"%hﬁljeui‘ 8&?1%2%% mcéaﬁg?rggn%?saﬁ fve
signal to the;dpjye PRASS 172, to 28 x-Bh ORIk Bo an@Xd $-aki® pick5
mai ntai n the%lgglﬁ%é%tfg(z?az%gﬁiglﬁ tur epllslul I iong I0(l)p at Zgg%@l » .p
off (24) whose output is applied to a y-axis rate loop (30), and the x- and y-axis rate
10  loops (29, 30) respectively apply drive signals to x- and y-axis drive transducers (25,

26) to null the signal at the respective pick-offs (23, 24).

15. The gyroscope of any preceding Claim, wherein a quadrature nulling loop (21)
applies a drive signal to the drive transducer means (25, 26) along a nodal axis to

15  maintain the input to the quadrature nulling loop at zero.



